Introduction
Infectious disease plays a major role in the lives of wild animals, including primates. In wild primates, we find an incredible diversity of parasites, defined as organisms that live in or on another host, at some cost to the host. The organisms include both microparasites, such as viruses and bacteria, and macroparasites, such as helminths and arthropods (Nunn and Altizer 2006) . The Global Mammal Parasite Database (Nunn and Altizer 2005) identifies more than
CHAPTER 10
Infectious disease and primate conservation Charles L. Nunn and Thomas R. Gillespie 1 Dr DeAnna Bublitz studying lemur health in Ranomafana, Madagascar. Photo courtesy of Fidisoa Rasambainarivo.
2 Abel Nzeheke, from the Goualougo Triangle Ape Project, preserves a lowland gorilla faecal sample for later analysis in the Republic of Congo. Due to logistical difficulties and potential dangers associated with anaesthesia, non-invasive sampling is often used to collect parasites and pathogens from wildlife. Photo courtesy of Thomas Gillespie.
3 Dr Rodolfo Martinez-Mota assisting in health assessment of an endangered black howler monkey (Alouatta pigra) at El Tormento, Mexico. Photo courtesy of Thomas Gillespie. rates of transmission, and that a threshold density exists below which the parasite will go extinct (e.g. Dobson and Meagher 1996) . Pathogens causing substantial mortality also result in host population declines, making it more difficult for the parasite to persist as contact among susceptible and infected hosts declines. Thus, harmful parasites will generally go extinct before the host does, at least under the assumptions of density dependent transmission (McCallum and Dobson 1995) . The critical question should therefore be, 'under what conditions could a parasite cause host extinction?' Included here is whether the host population can decline substantially enough that other factors lead to its demise (such as the effects of reduced genetic diversity or demographic stochasticity).
The overarching goal of our chapter is to synthesize research on conservation and disease ecology from diverse avenues that include field evidence of parasite-driven declines, co-extinction of hosts and parasites, and theoretical and empirical research from other systems. We also consider the potentially important links between biodiversity and infectious organisms, building on suggestions that biodiversity may buffer human populations from disease risk as an ecosystem service (Keesing et al. 2010) . Throughout, we identify important future directions that are needed to understand the role of infectious disease in primate conservation.
Parasite-related threats to biodiversity
Infectious disease has been implicated in a number of species declines and even extinctions, with disease accounting for about 4% of extinctions and 8% of classifications of critical endangerment in all species in the IUCN Red List (Smith et al. 2006) . Disease-related impacts on individual populations of a species are likely even more common. In most cases, disease is one of multiple factors that influence extinction risk, rather than disease driving risk on its own (de Castro and Bolker 2005) . Thus, infectious disease risks are entangled in a syndrome of anthropogenic factors that influence the threat of extinction for many groups of animals; similar effects are likely in primate populations Nunn and Altizer 2006) . different helminth species (Muller-Graf et al. 1996) ; no individuals were uninfected in that study, and one individual had seven identifiable helminth species. Similarly, chimpanzees at the same site were infected by a median of five different helminth species (Gillespie et al. 2010) ; no individuals were uninfected, and one individual had eight morphologically distinct helminths. This level of infection seems about on par with other studies of parasitism in wild primates Altizer 2005, 2006) .
Parasites vary in their effects on primate hosts. Some infectious agents have devastating impacts on their primate hosts, including Ebola (Leroy et al. 2004; Caillaud et al. 2006) , anthrax (Bacillus anthracis, Leendertz et al. (2004) ), and the virus that causes yellow fever (Holzmann et al. 2010) . Similarly, respiratory pathogens can 'spill over' from humans to wild primates and cause substantial mortality (Wallis and Lee 1999; Koendgen et al. 2008; Palacios et al. 2011) . While cases of sudden die-offs caused by viruses and bacteria attract much attention, even typical macro-parasites-which are thought to have minor effects on a healthy host-can actually have tremendous impacts on host population dynamics. Population-level effects were shown elegantly in the case of red grouse, where anti-helminthic treatment eliminated cyclical population fluctuations (Hudson et al. 1998) , and in experiments on a breeding colony of captive mice in which introduction of a nematode generated striking population declines (Scott 1987) . These examples foreshadow many important themes that follow in this chapter, including the role of human activities in parasite-driven declines, and the importance of parasites themselves in healthy ecosystems and as a component of biodiversity.
A critical question at the interface of infectious disease and conservation is, 'how commonly do parasites drive hosts to extinction?' Many reasons exist to be concerned about infectious agents in primate conservation-as described in Section 10.3-yet epidemiological modelling and empirical evidence suggest that parasite-generated extinction is unlikely, especially for parasites that are found naturally in a population of wild hosts. Most epidemiological models of socially transmitted organisms under 'density dependent transmission' assume that higher host densities result in higher cancerous cell line it is actually a mammalian parasite, similar to canine transmissible venereal tumour (Cohen 1985) .
In the case of DFTD, we can again point to general principles that may be useful for understanding disease-related threats. First, the spread of the disease is likely related to reduced genetic diversity in Tasmanian devils' small population sizes and an absence of geographic barriers to the spread of disease throughout the population (which is more likely in a smaller, more geographically restricted population). Second, the host's behaviour likely facilitates the transmission of DFTD even as the host population declines: by seeking out other social partners and interacting aggressively with them (e.g. during mating), Tasmanian devils' behaviour maintains high local density and facilitates the spread of disease, even as the host population declines (McCallum 2008) . Such effects are likely to occur in primates, too, with their high degree of sociality and seeking of conspecifics for social interactions.
Finally, consider chytrid fungus (Batrachochytrium dendrobatidis) of frogs and white nose syndrome of bats, which illustrate another potential pathway of disease-induced extinction: environmental transmission. Chytrid fungus is devastating amphibian populations on all continents of the world, resulting in massive losses of biodiversity (Daszak et al. 1999; Lips et al. 2006) and increased threat levels for a wide range of frogs on the IUCN Red List (Smith et al. 2006) . Its origins appear to involve the worldwide trade in African clawed frogs, which were used for pregnancy tests prior to development of modern diagnostic techniques (Weldon et al. 2004) . These frogs continue to be used as a model system to investigate diverse biological questions. Importantly, the chytrid fungus can be transmitted through water without requiring direct contact of susceptible frogs, it is long lived in the environment, and it can be carried from one aquatic habitat to another, potentially by humans (see St-Hilaire et al. (2009) (Blehert et al. 2009) . It is likely to Examples from diverse vertebrate taxa provide a framework for considering disease-related threats to primates. We provide several illustrative examples here from birds, mammals, and amphibians. The examples we provide are some of the bestdocumented cases of pathogens that have had dramatic effects on populations, in many cases threatening species with extinction. We can therefore learn from these examples to prevent similar declines in primates. Specifically, we use the examples to identify general factors that influence parasite-related declines, and then apply these concepts to the more specific cases of primates and their parasites in the following section.
Many species of Hawaiian honeycreepers-an adaptive radiation of finches-have been heavily impacted by avian malaria, and this disease is thought to restrict the distribution of native Hawaiian birds to areas that are malaria-free (Van Riper et al. 1986; LaPointe et al. 2012) . West Nile virus represents a new threat to these birds (Kilpatrick et al. 2004; LaPointe et al. 2009 ), but so far this mosquito-borne virus has been limited to continental North America. While many factors likely influenced the decline of the Hawaiian honeycreepers, the critical factors for disease-related declines in their population likely involve their isolated evolutionary history and anthropogenic factors, specifically the introduction of new disease agents (including the mosquito vector) through human trade, travel, and land-use change. Similar factors were likely at play in the trypanosome-related extinction of the endemic Christmas Island rat (Rattus macleari), which went extinct following the introduction of black rats (Rattus rattus) and its trypanosome via human activities at the end of the nineteenth century (Wyatt et al. 2008) .
Another prominent disease-related decline involves the Tasmanian devil (Sarcophilus harrisii). Devil populations have declined precipitously via transmission of a cancerous cell line that spreads from one animal to another through aggressive contact (McCallum 2008) . The cancerous cells are transmitted and begin to grow and metastasize in the new host, leading to inability to feed and other consequences, and ultimately resulting in lower fecundity and premature death. The disease is known as Devil facial tumour disease, or DFTD, and as a organism (McCallum and Dobson 1995) , or when the infectious organism can survive in the environment (and remain infectious) for long periods of time.
Infectious disease threats in primates
With these factors in mind, we turn to specific examples of primates, focusing on four examples that demonstrate one or more of these principles: Ebola virus, yellow fever virus, respiratory pathogens, and environmentally transmitted pathogens, particularly anthrax.
Ebola
First, consider Ebola virus in African apes. Although the source of Ebola has yet to be established, evidence suggests that widely distributed African fruit bats play some role in its maintenance (Leroy et al. 2005) , and potentially insectivorous bats as well (Saéz et al. 2015) . In the early years of understanding Ebola, two main hypotheses were proposed for its transmission in apes: the social hypothesis, which states that Ebola virus is transmitted socially and spreads in a wave-like fashion among hosts; and the reservoir hypothesis, which states that the virus is primarily maintained and spreads in a reservoir host, with occasional spill-overs to apes (and some other mammals). These hypotheses are not mutually exclusive, and evidence exists for both transmission mechanisms. For example, a study of an Ebola outbreak in gorillas at Odzala-Kokoua National Park, Congo, failed to find conclusive evidence for social versus non-social (reservoir) transmission, although this study also found that individuals living in groups were more likely to die from Ebola (Caillaud et al. 2006) .
Ebola has certainly caused substantial mortality in African apes (Walsh et al. 2003; Bermejo et al. 2006) and is responsible for including 'disease' as a threat to apes in the IUCN Red List. Yet it currently remains unclear whether Ebola continues to spread through populations as originally proposed, or what its long-term impact is likely to be, resulting in some controversy in the wildlife epidemiological drive some species to extinction (Frick et al. 2010; Hallam and Mccracken 2011) , possibly with massive costs in terms of lost ecosystem services, particularly control of agricultural pests (Boyles et al. 2011) . Similar to chytrid, P. destructans is a fungus and may be spread from one cave to another via human activities, such as cave tourism and scientific research (Puechmaille et al. 2011) . White nose syndrome and chytrid fungus illustrate that pathogens with potential for human vectoring and substantial environmental transmission can have devastating impacts on host populations, especially when introduced to new populations that lack immune responses to the organism (Lorch et al. 2013) . 2) Collectively, these examples reveal several general principles that we can apply to primate disease-related threats. Specifically, we expect that infectious disease is more likely to be a threat to primate hosts when: a) Overall host genetic diversity is low: this makes it more likely that a large majority of the population will succumb to a new infectious agent. b) Few barriers exist that stop the spread of an infectious agent: this makes it less likely that pockets of the population are protected, resulting in larger declines, and is more likely when the species range is small. c) When humans and human activities introduce infectious diseases for which hosts have few genetic adaptations, including infectious diseases of humans and domesticated animals, and especially when coupled with human vectoring of infectious agents to an area where the organism was previously absent. d) When hosts have behaviours that lead them to seek out sources of infection as populations decline, including social interactions with conspecifics for socially transmitted disease, or indirect interactions at food and water sources for environmental sources of infectious agents. More generally, pathogens with non-density dependent transmission provide greater threats than those with density dependent transmission (McCallum 2008 ). e) When the infectious agent exists in a reservoir host that is relatively less affected by the 9780198703389-Wich.indb 160 08/03/16 2:50 PM system, with females more often carrying the disease to other groups when the resident male gorilla died (see also Thrall et al. (2000) ). This example further highlights the importance of social groups in restricting movement of pathogens (Freeland 1979 ).
In the case of Ebola in African apes, social behaviour may also facilitate the spread of disease, for example through overlap at food sources and observations of close physical inspection of dead animals (Walsh et al. 2007 ).
Yellow fever virus
As a second example, we turn to yellow fever virus, an RNA virus transmitted by mosquitoes. Yellow fever was introduced to the New World through the slave trade more than 300 years ago (Bryant et al. 2007) , as was the protozoan that causes malaria (Yalcindag et al. 2012) . We would predict that the initial absence of yellow fever virus in the New World would predispose the naïve population to be especially vulnerable to the virus, and that is what was found for at least some primate populations (Nunn and Altizer 2006) . In particular, it appears that howler monkeys succumb especially quickly to the virus (Carpenter 1964; Galindo and Srihongse 1967) . Yellow fever epidemics appear to have decimated howler populations in Central America in the 1950s (Collias and Southwick 1962) and Argentina, Paraguay, and Brazil in the 1960s (de Bitetti et al. 1994) . Mean howler troop size on Barro Colorado Island in Panama was depressed for years following a presumed yellow fever outbreak (Milton 1982) . More recently, howler epidemics in Argentina and Brazil were confirmed to be caused by yellow fever virus via lab diagnostics. For example, Holzmann et al. (2010) describe yellow fever epidemics that led to significant losses of two species of howler monkeys in Misiones, Argentina: the brown howler (Alouatta guariba) and the black howler (Alouatta caraya). Two outbreaks occurred over a one-year period, resulting in the death of more than 35 howlers. As found in previous studies and reports, other primates were less affected in the Misiones outbreaks, including tufted capuchins (Cebus nigritus), which suffered no known mortalities. community. Some researchers would argue that we do ourselves a disservice by overstating the risk from Ebola. One concern is that it would be more difficult to convince wildlife managers to invest in controlling the very real threats that they can effectively mitigate-such as human respiratory pathogens transmitting to wildlife-if they are concerned that Ebola may wipe out their entire ape population without warning. Another concern is that effective means of controlling Ebola in wildlife are currently non-existent. While some effort has focused on the concept of vaccination (Warfield et al. 2014 ), a viable vaccine has yet to be developed. More importantly, large-scale application of a vaccine may be prohibitively costly and logistically challenging (cf. Carne et al. 2013; Rushmore et al. 2014) , potentially resulting in lost opportunities for other conservation priorities, including conserving habitat.
Ebola exhibits several additional patterns that are relevant to our consideration of general factors that lead infectious agents to cause population declines. First, there are few geographic barriers to the spread of the disease across continental Africa, especially considering that the virus is associated with wide-ranging bat species (which face fewer biogeographic obstacles to movement than terrestrial mammals). Geographic barriers have been an important consideration in controlling the spread in African apes-for example to create barriers that halt ape-to-ape social transmission (e.g. Walsh et al. 2007 )-yet it now appears that this is unlikely to be effective unless the reservoir of Ebola is also controlled (again, a tall order if that reservoir is a bat species).
Second, social mechanisms could play an important role in the continued spread of Ebola, even as populations decline in size. For example, declines in group/community size due to disease could lead individuals to seek new groups, potentially carrying disease with them to those groups . Such an effect would be especially strong if all individuals of one sex were lost, leading members of the remaining sex to transfer. Nunn et al. (2008) showed that such 'pathogen mediated dispersal' was possible in a theoretical model that examined the spread of Ebola in chimpanzees and gorillas. The potential spread was greatest in gorillas, due to their more common single-male mating 9780198703389-Wich.indb 161 08/03/16 2:50 PM syncytial virus in necropsy samples from the chimpanzees. Phylogenetic analyses revealed that these viruses nested evolutionarily within viruses from humans, including evidence for a genetic insertion in some samples that more firmly linked the viruses to previous human outbreaks. Hence, these results suggest that humans were the source of the viruses that killed the chimpanzees. Human metapneumovirus has also been implicated as the causal agent of illness in chimpanzees at Mahale, Tanzania (Kaur et al. 2008) , and in mountain gorillas in Rwanda (Palacios et al. 2011) . Interestingly, these respiratory virus infections alone are rarely fatal in great apes on their own, but require co-infections with bacteria that contribute to pneumonia. For example, chimpanzees infected with human metapneumovirus and human respiratory syncytial virus at Taï were also infected with the common bacterium Streptococcus pneumonia, which is a major cause of pneumonia in humans and other animal species. The mountain gorillas that were infected with human metapneumovirus likely died of Streptococcus and Klebsiella bacterial pneumonia (Palacios et al. 2011) .
Mycobacterium tuberculosis (the causal agent of tuberculosis) can drive substantial mortality in nonhuman primates-a fact well known in captive colonies, where tuberculosis testing is typically required for workers and research scientists and staff (Wolf et al. 2014) . Interestingly, despite high rates of tuberculosis in human populations overlapping with great apes, until recently evidence of M. tuberculosis infection has been lacking in wild apes. Curiously, the one confirmation of Mycobacterium in wild chimpanzees was a novel Mycobacterium tuberculosis complex (MTC)-related to, but distinct from, all known human complexes (Coscolla et al. 2013) . Fortunately, a non-invasive diagnostic was recently developed that should allow for broad screening of wild chimpanzees in the near future (Wolf et al. 2015) .
Anthrax and other environmentally transmitted organisms
As we saw in the examples from non-primates, pathogens that survive long in the environment Similarly, laboratory analyses of 308 dead howler monkeys (Alouatta caraya and A. guariba clamitans) associated with a an outbreak in Rio Grande do Sul, Brazil, confirmed 180 yellow fever positive animals (Bicca-Marques 2009). Interestingly, these findings also suggest that about 40% of these monkeys did not die of yellow fever and were likely killed by local people fearing howlers as a source of disease. Fortunately, a campaign has been successful in highlighting that howler monkeys actually provide an early warning system for impending human yellow fever exposure and are not responsible for the emergence of human disease (Bicca-Marques 2009; Bicca-Marques and Freitas 2010). It appears that howlers have a genetic susceptibility to yellow fever virus, and by causing significant die-offs and being harboured in other hosts, the virus may contribute to reduced genetic diversity in affected howler populations (James et al. 1997) .
Respiratory illness
Respiratory illnesses also have been recognized as an important cause of morbidity and mortality in wild apes, even before diagnostics were available to confirm the cause of illness (Goodall 1986; Watts 1998; Boesch and Boesch-Achermann 2000) . At some sites, observational data on coughing and other respiratory symptoms have been collected in a systematic way, allowing for retrospective assessment to determine risk and to guide future conservation strategies (Lonsdorf et al. 2006 (Lonsdorf et al. , 2011 . In addition, necropsies performed soon after death have provided further insights into the aetiology of syndromic respiratory disease (Travis et al. 2008; Köndgen et al. 2008) . In many cases it has been unclear which agents were responsible for death, or their origins: were they acquired from other apes, other wildlife, domesticated animals that come into protected areas, or from humans, including scientists and field assistants involved in research?
Several recent studies have investigated the sources of respiratory outbreaks in wild apes, with an eye towards identifying whether humans were the original source of the pathogen. For example, Köndgen et al. (2008) (Keesing et al. 2010; Vourc'h et al. 2012; Wood and Lafferty 2013) . Links between biodiversity and disease can arise through different mechanisms, and these mechanisms are not mutually exclusive. Here, we briefly summarize four key mechanisms, which we call the dilution effect, the density effect, the amplification effect, and the reversed dilution effect. We start with the dilution effect, which has been the focus of much interest lately because it suggests that biodiversity performs disease-related ecosystem services that benefit humans (Keesing et al. 2010) . The dilution effect hypothesizes that biodiversity provides a protective effect by 'diluting' the risk through hosts that intercept, and thus slow, transmission of infectious agents; conversely, loss of biodiversity is thought to lead to an increase in disease risk, for both humans and for other animals in the ecological community from which hosts are lost. The basic idea is as follows. We assume that hosts of different species vary in their ability to harbour and transmit a generalist pathogen. We further assume that hosts that are better able to transmit the pathogen (more competent) are also more resilient to human disturbance; for example, these hosts might be smaller in body mass, with faster life histories, and thus invest less in immune defences (Previtali et al. 2012) , leading to higher levels of pathogens circulating in an individual and potentially spreading to other individuals. Thus, with the commencement can pose a considerable threat to wildlife, such as chytrid fungus. In primates, a prominent example of such transmission involves anthrax, which has caused mortality at several primate field sites (Leendertz et al. 2004 (Leendertz et al. , 2006a (Leendertz et al. , 2006c . Anthrax is caused by the bacterium Bacillus anthracis, which can survive for long periods of time in the environment, such as soil. It is also harboured in domesticated animals. Via environmental transmission, anthrax easily transmits across species boundaries to atypical hosts, including humans. Thus, we might expect anthrax to appear in wildlife when livestock occur in or near forests, or when humans carry anthrax spores from livestock into primate habitats. Cases of anthrax die-offs on record involve both chimpanzees and gorillas in at least two different locations in West Africa: Taï National Park (Leendertz et al. 2004) and Dja Biosphere Reserve in Cameroon (Leendertz et al. 2006c) . At Taï, at least six chimpanzees died, and the source remains unknown. In Dja, three chimpanzee and one gorilla death were attributed to anthrax. Of course, these documented cases likely represent only a fraction of deaths due to anthrax.
For many environmentally transmitted pathogens, proximity among wild primates, people, and domesticated animals has often provided realized opportunity for cross-species transmission, such as seen with soil-transmitted helminths and protozoa (Nizeyi et al. 2002; Hasegawa et al. 2014; Bodager et al. 2015; Parsons et al. 2015) ; pathogenic bacteria, such as enterotoxogenic Escherichia coli, Salmonella, and Shigella (Nizeyi et al. 2001; Bublitz et al. 2015) ; and diarrhoea-associated viruses, such as adenovirus, enterovirus, norovirus, and rotavirus (Harvala et al. 2011 (Harvala et al. , 2014 Zohdy et al. 2015) . In wild primate populations that have not experienced treatment with antibiotics, findings of bacteria in their gastrointestinal tracts that are resistant to multiple antibiotics used by people in the region, as seen in African monkeys ) and apes (Goldberg et al. 2007; Rwego et al. 2008; Janatova et al. 2014) , suggest transmission from humans to wild primates.
We return to the practical side of these issues later, in the context of ecotourism, sanctuaries, field research, and reintroduction of animals into the wild from sanctuaries.
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08/03/16 2:50 PM rather than losing the hosts that are good at 'diluting' the risk in the community by intercepting transmission, we may lose hosts that are more competent for the infectious agent in question, resulting in lower disease risk for the community as human disturbance increases. Recent indications that hosts with slower life histories may have stronger immune defences (e.g. Previtali et al. 2012 ) suggest this scenario is unlikely: these hosts are also more likely to be diluting hosts, and to be lost as habitat destruction occurs. However, more research is needed to assess the generality of this pattern.
The association between biodiversity and disease has been addressed recently in studies of primates. Young et al. (2013) investigated multiple predictions involving the dilution and amplification effects. First, using data on resilience to human disturbance, they investigated whether primate species showing more resilience have fewer parasites or better immune defences. Young et al. (2013) found no evidence for such effects, nor for the opposite pattern; most results were non-significant, including after putting the results collectively into a metaanalysis to increase power and control for multiple testing. Next, they conducted a meta-analysis of 14 studies of the links between human disturbance and parasitism in primates. They found a wide diversity of effects, with disturbance sometimes associated with greater parasitism, and sometimes with less diversity, but no overall consistent effect. In one group of parasites (indirectly transmitted parasites), a positive effect was found, supporting the dilution effect. Third, they investigated whether prevalence of ape malaria increased with human disturbance and decreased with mammal richness. They found the opposite pattern, suggestive of an amplification effect rather than a dilution effect. Finally, Young et al. (2013) investigated links between parasite richness, primate richness, and geographic overlap, and again found evidence more consistent with the amplification effect.
Overall, then, Young et al. (2013) found mixed evidence, but most tests were non-significant. These results indicate a lack of consistent association between parasitism and human disturbance in primates, suggesting instead that different mechanisms play a role across locations and biological systems. Another meta-analysis of studies of human activities, such as logging, the less competent hosts are lost, leading to a larger proportion of competent hosts in the resulting community (and likely higher disease risk as a result).
The dilution effect is thus akin to the loss of immune individuals from a population, resulting in more disease risk for those hosts that remain in the depauperate community. The dilution effect has some support in the context of Lyme disease (Ostfeld 2010) and West Nile virus (Ezenwa et al. 2006) in the United States, but has been less well studied in the tropical areas inhabited by most primate species (Wood et al. 2014) . Studies of the dilution effect are typically focused on prevalence of a single parasite or pathogen.
A second mechanism also connects biodiversity and disease risk, and has been called the amplification effect (Vourc'h et al. 2012) . In this case, higher biodiversity is thought to increase risks of disease, including both spill-over of disease and the abundance (prevalence) of particular parasites and pathogens in a more biodiverse community of hosts. This mechanism may operate through a higher number of specialist diseases in a community containing more host species, resulting in more opportunities for spill-over and adaptation of a parasite to a new host species. The amplification effect has found support in studies of human parasitic and infectious diseases, the numbers of which across countries are explained by the richness of mammals and birds and other factors (Dunn et al. 2010) .
A third connection between biodiversity and disease is similar to the dilution effect, although the connection involves the density of the hosts that better transmits the pathogen or vector abundance, rather than composition of the community. Hence, we call this the density effect. If food webs are disrupted in the community through human activities, such as loss of predators, prey species are likely to increase in abundance (Wood et al. 2014) . When these remaining hosts transmit pathogens, disease risk is likely to increase (i.e. susceptible host regulation has been relaxed). Similarly, when habitat disturbance reduces the abundance of vectors, pathogen prevalence can decline (Wood et al. 2014 ).
Finally, we should keep in mind that the conditions of the dilution effect could be reversed. Thus, Several studies have found that host-parasite coevolution influences genetic diversity (Dybdahl and Lively 1998; Burdon and Thrall 1999; Altizer 2001) , and geographic variation in parasite resistance suggests a role for infectious agents in host divergence (Berenbaum and Zangerl 1998; Kaltz and Shykoff 1998; Thompson 1999) . In addition, co-evolution among insect herbivores and their host plants increased rates of diversification among some lineages, driven in part by plant specialization and novel defensive mechanisms (e.g. Mitter et al. 1991; Farrell 1998; Percy et al. 2004) . Experimentally, one study of bacteria and virulent phage demonstrated that parasites can drive divergence among host populations in spatially structured environments, thus increasing host diversification by selecting for anti-parasitic defences linked to different traits in different populations (Buckling and Rainey 2002) . Theoretical and empirical studies have focused on the 'Red Queen' process of host-parasite coevolution in maintaining genetic diversity within and among populations (Anderson and May 1991; Lively and Apanius 1995; Abrams 2000) . For example, theoretical work has shown that frequency dependent selection-in which the fitness of a phenotype is a function of its relative frequency of phenotypes in the population-between prey and natural enemies can lead to evolutionary branching in both the host and enemy populations (Doebeli and Dieckmann 2000) .
Parasites as important components of biodiversity and 'healthy' ecosystems
In efforts to facilitate recovery of the black-footed ferret in the United States, a well-meaning veterinarian treated animals brought into a captive breeding programme with insecticides. The goal was to eliminate ectoparasites, particularly those that are responsible for plague (Yersinia pestis). In the process, they may have driven host-specific ectoparasites to extinction (Gompper and Williams 1998) . Who are we to decide that fleas, lice, and mites are somehow less important than the hosts on which they are found? (See also Durden and Keirans (1996) .) This realization has prompted provocative papers that proclaim, for example, 'equal rights for parasites' (Windsor 1995 (Windsor , 1998 . of human infectious diseases found a similar lack of consistent patterns, in a paper with a title that states the main take-home message of the authors: 'A meta-analysis suggesting that the relationship between biodiversity and risk of zoonotic pathogen transmission is idiosyncratic' (Salkeld et al. 2013) . However, a more recent meta-analysis, using a larger set of studies, found stronger evidence for the dilution effect (Civitello et al. 2015) , suggesting that a consensus is far from reached, even in light of two meta-analyses. The nature of the disturbance (i.e. habitat fragmentation, selective logging, or hunting) and characteristics of the population or ecological community may determine the directionality of such relationships.
Connecting infectious disease to the generation of biodiversity
Another way that parasites and biodiversity become linked is when infectious agents actually facilitate speciation of host lineages, and thus contribute to the generation of biodiversity over the long term. In such a case, parasites are important to the maintenance of biodiversity, and more biodiverse lineages should have more parasites. Indeed, evidence for such a correlation has been found in primates. Nunn et al. (2004) investigated whether rates of primate host diversification covary with measures of parasitism, and found that lineages with more parasites undergo a higher rate of diversification, measured as speciation rate minus extinction rate (net speciation). However, this result is correlational rather than causal; it is also possible that higher rates of diversification make the resulting lineages particularly well suited for parasites-for example, for generalist species that can infect closely related hosts-or that some other variables influence both diversification and parasitism. Indeed, further tests suggested evidence more in line with diversification, making lineages more parasitized through greater host range overlap (Nunn et al. 2004) .
More generally, interspecific interactions-such as those involving hosts and parasites-are thought to play an important role in the diversification of natural populations, and thus may maintain or increase biodiversity over evolutionary timescales. where 'healthy' is defined as an ecosystem that maintains vigour and is resilient to change (Hudson et al. 2006) . Indeed, parasites are known to alter interspecific competition, enabling a more diverse assemblage of species in an ecological community. This is readily seen in the case of invasive species, and important findings suggest that 'pathogen release' gives invasive species an advantage in competition with native species. Such an effect has been seen in plants and in animals (Mitchell and Power 2003; Torchin et al. 2003; Torchin and Mitchell 2004) . Similarly, parasites have been used as a bio-indicator of habitat quality and restoration (Lafferty 1997; Huspeni and Lafferty 2004) . It would be interesting to apply this framework to assess the quality of primate habitats via the richness and abundance of parasites that are found. More generally, we need to appreciate that parasites can provide healthy functions, such as regulating the abundance of certain hosts in a community, sustaining a more diverse ecological community, and influencing energy flow. Lastly, pathogens have the capacity to disrupt ecosystem services. Insights over the past three decades have clarified how the health and persistence of tropical forest systems depend on critical ecosystem services provided by wildlife. We now know that density dependent seedling mortality presents a strong selective pressure for seed dispersal for tropical tree species to escape seedling pathogens (Augspurger 1984) . We also have seen the potential of unsustainable hunting to create 'empty forests', where loss of keystone species results in reduced seed dispersal and altered recruitment and relative abundance of trees (Redford 1992) . Terborgh et al. (2001) elegantly demonstrated that seedlings and saplings of canopy trees are severely reduced and seed predation exponentially increased when top predators are lost from a tropical system. The decline or loss of the seed dispersers, pollinators, seed predators, herbivores, and predators that shape tropical forest ecosystems has long been attributed to habitat degradation or loss and unsustainable hunting. However, it is now becoming clear that infectious diseases affecting wildlife have the capacity to impact tropical forest systems in similar ways. We have lost pollinators, such as honeycreeper declines in Hawaii, due to introduced malaria (Benning et al. 2002) ; seed dispersers, such as lowland While concern for conservation of parasites might seem a silly digression from an important issue in primate conservation, it actually has great relevance. In particular, it shows that preserving a primate host not only saves that lineage on the tree of life; it also leads to conservation of many other associate lineages, including parasites. Concern for parasite biodiversity also raises important questions about what constitutes a 'healthy' ecosystem: just as we may wish to preserve a community of organisms and their predators, good reasons exist to also conserve the parasites. We discuss relevant factors involving these concerns in what follows.
A number of authors have investigated coextinction. For example, Altizer et al. (2007) found that more threatened primate hosts had fewer specialist parasites, as one might expect given that these parasites have no other options for alternative hosts as the typical host populations decline and become more fragmented. In essence, the parasites are a bio-indicator, the 'canary in the coal mine' that stops singing when threats start having an impact on host population size and structure. Interestingly, even generalist parasites declined in number as threat status increased. Thus, as a simple epidemiological model might suggest, parasites are not typically capable of causing extinction, and are in fact more likely to go extinct before the host-subject of course to the five factors given above that may lead to host extinction or significant population declines.
Additional analyses across a broad range of host taxa confirm that a substantial proportion of additional biodiversity is lost as affiliates-such as parasites-disappear when their hosts disappear (Koh et al. 2004; Dunn et al. 2009 ). Host specificity of the parasite is key in these discussions; if a parasite specializes on a single host, it is more likely to be lost when that host declines in abundance or goes extinct. Importantly for the topic of this chapter and the book, among the most threatened parasites in this context are pinworms and fungi infecting primates. Given the high host specificity of these organisms on primates (e.g. pinworms, Hugot (1999) ), loss of 10% of primates will result in an approximately equal number of losses of these parasite groups (Dunn et al. 2009 ).
Good arguments are made for the importance of parasites in maintaining a healthy ecosystem, barriers to the spread of disease when conducting primate research, including through use of masks by observers, or by maintaining safe distances from the animals under observation. In addition to research activities, we must consider the effects of ecotourism on infectious disease outbreaks. One recent study found, for example, that 15% of visitors to an orang-utan sanctuary had symptoms of gastrointestinal or respiratory infection (Muehlenbein et al. 2010) .
When a wild primate is rescued from poachers or wildlife smugglers, they end up in a sanctuary (if they are lucky). These facilities provide an essential service for animal welfare, providing veterinary care and rehabilitation in an environment where animals can interact with conspecifics. It is intuitive to think that the best outcome for such an animal would be to eventually return to the wild. Unfortunately, despite the best intentions, reintroductions often result in unintended consequences for the welfare of the reintroduced individual (i.e. difficulty competing with resident populations for food and mates and avoiding unfamiliar predators, see Harrington et al. (2013) ). In addition, reintroductions may threaten the viability of wild populations by inadvertently exposing wildlife to novel pathogens contracted by sanctuary animals from humans or domestic animals during captivity. This concern is highlighted in a recent study demonstrating that chimpanzees at two geographically distinct sanctuaries were infected with human-associated strains of Staphylococcus aureus that have not been detected in wild apes and MRSA-like multi-drug resistant strains of S. aureus (Schaumburg et al. 2012) . In addition to the risks of reintroduced primates exposing wild primates to S. aureus and similar pathogens, tourists who visit wild great ape populations after visiting an ape sanctuary may inadvertently transport such pathogens from sanctuary apes to wild apes.
We also need more information on the pathogens responsible for declines, which requires systematic monitoring of parasites and pathogens for effective detection of new, disease-causing organisms (Leendertz et al. 2006b ). Unlike rodents and bats, it is often both politically and logistically difficult to sample and study non-human primate pathogens due to concerns regarding habituation status gorilla declines due to Ebola (Tutin et al. 1991; Voysey et al. 1999; Leroy et al. 2004) ; and insectivores that regulate crop pests, as in the case of bat declines in the United States due to white nose syndrome (Boyles et al. 2011). 10.7 Practicalities of controlling introduced parasites in ecotourism and research A major point of the previous sections is that naturally occurring parasites are an important component of ecosystems, and introduced pathogens can alter these ecosystems in negative ways. Aside from being part of biodiversity, naturally occurring parasites are unlikely to drive hosts to extinction, and may even help maintain productive, diverse communities of hosts. Yet we know that parasites play a major role in population declines, including many important primate species, as described in earlier sections Nunn and Altizer 2006) . In addition, we know that human activities-such as logging and resulting forest fragmentation-are likely to lead to increased abundance of some parasites for some hosts Gillespie and Chapman 2006) . These parasites may affect patterns of interspecific competition among hosts, further altering host communities, although we presently lack a predictive framework for understanding when this will occur (Young et al. 2013 ).
As we see it, the major disease-related issue for primate hosts involves the introduction of novel parasites through human activities, including through scientific research. These introductions could involve direct spill-over from humans, as seen in cases of respiratory infections into ape populations (Koendgen et al. 2008; Palacios et al. 2011) . These introductions could alternatively arise from reservoir hosts, such as fruit bats as sources of Ebola outbreaks (Leroy et al. 2005) , or domesticated animals as sources of anthrax in and around tropical forests (Leendertz et al. 2004 (Leendertz et al. , 2006a . It is important that we document these sources of disease and their impacts on primate populations and consider the options for intervening effectively (Homsy 1999; Gilardi et al. 2015) . It is also important to implement 9780198703389-Wich.indb 167 08/03/16 2:50 PM and risks associated with immobilizing these often endangered species (Travis et al. 2008) . Thus, most non-human primate studies are focused on noninvasive sampling techniques (e.g. faeces, urine, saliva, and hair) and complete necropsy and postmortem examinations following documented dieoffs (Gillespie 2006; Gillespie et al. 2008) . A variety of non-invasive approaches are possible for collecting information on parasites of wild primates, and recent advances make this easier than ever Köndgen et al. 2010) . Such monitoring will likely identify new organisms that do occur naturally, thus helping to eliminate the vast gaps in our understanding of parasites and pathogens of primates Nunn 2007, 2010; Cooper and Nunn 2013) . Importantly, monitoring of potential reservoirs of disease, such as bats and rodents-as well as nearby humans and domesticated animals-is an important component of parasite monitoring (Leendertz et al. 2006b ).
Conclusions
The conditions under which a parasite can cause extinction are rare, but they do exist. More importantly, however, we have abundant evidence for the negative effects of parasites on host populations, including in a conservation context. In a habituated population, even the loss of a single animal can have a significant negative impact on future research, and for understanding the ecological and behavioural variation in the population. If we are concerned about maintaining natural patterns of behaviour and demography, it is important to be aware of the risks of pathogen transmission (just as we might want to maintain naturally occurring behaviour by ensuring that animals forage normally by not provisioning them). Similarly, for ecotourism, loss of animals means loss of income for local people and conservation efforts. Given the abundant evidence that infectious disease negatively impacts primate host populations, we need to be vigilant against all possible introductions, even those that are unlikely to spread and cause extinction. We also need better appreciation for the role of parasites in maintaining or disrupting ecosystem services, and for the links between biodiversity and disease risk in humans and wildlife. 
